Epitaxial strain has been widely used to tune crystal and domain structures in ferroelectric thin films. New avenues of strain engineering based on varying the composition at the nanometer scale have been shown to generate symmetry breaking and large strain gradients culminating in large built-in potentials. In this work, we develop routes to deterministically control these builtin potentials by exploiting the interplay between strain gradients, strain accommodation, and domain formation in compositionally graded PbZr 1Àx Ti x O 3 heterostructures. We demonstrate that variations in the nature of the compositional gradient and heterostructure thickness can be used to control both the crystal and domain structures and give rise to nonintuitive evolution of the built-in potential, which does not scale directly with the magnitude of the strain gradient as would be expected. Instead, large built-in potentials are observed in compositionally-graded heterostructures that contain (1) compositional gradients that traverse chemistries associated with structural phase boundaries (such as the morphotropic phase boundary) and (2) ferroelastic domain structures. In turn, the built-in potential is observed to be dependent on a combination of flexoelectric effects (i.e., polarizationÀstrain gradient coupling), chemical-gradient effects (i.e., polarizationÀchemical potential gradient coupling), and local inhomogeneities (in structure or chemistry) that enhance strain (and/or chemical potential) gradients such as areas with nonlinear lattice parameter variation with chemistry or near ferroelastic domain boundaries. Regardless of origin, large built-in potentials act to suppress the dielectric permittivity, while having minimal impact on the magnitude of the polarization, which is important for the optimization of these materials for a range of nanoapplications from vibrational energy harvesting to thermal energy conversion and beyond.
S usceptibility to electric field, stress, and temperature make ferroelectrics ideal candidates for a wide variety of nanoscale applications ranging from memories, 1 to actuators, to infrared sensors, to pyroelectric electron emitters. 2À4 The response of a ferroelectric is strongly coupled to both its atomic-scale crystal and nanoscale domain structures wherein small perturbations to either can dramatically influence the properties. The implementation of modern thin-film deposition techniques and increased availability of lattice-matched substrates has enabled the use of epitaxial strain to manipulate the crystal and domain structure of these materials and provides a means to tune susceptibilities. 5 In recent years, there has been recognition that epitaxial strain need not be homogeneous in nature, and researchers have looked to leverage the ability to deterministically create inhomogeneous strains to further control materials. 6À11 The presence of strain gradients are particularly interesting in ferroelectrics because of the potential for strong so-called flexoelectric effects. Flexoelectricity refers to the linear coupling of a strain gradient (∂ε ij /∂ xk ) and the polarization (P i ) of a material, mediated by the fourth-rank flexoelectric tensor (μ ijkl ). Bolstered by the ability to produce large strain gradients, on the order of 10 5 m À1 , in thin films through the use of mechanical stress, 12À14 defect and domain engineering, 8, 9, 15, 16 and compositional gradients, 6, 7 there has been a reemergence of interest in flexoelectricity. Such large strain gradients produce large flexoelectric effects (or effects that mimic those arising from flexoelectricity) that can alter the ferroic response of materials, 17, 18 allow for mechanically induced ferroelectric switching, 12À14 drive horizontal shifts of ferroelectric hysteresis loops, 7,19À21 and allow for independent tuning of typically coupled ferroelectric susceptibilities. 6, 7, 10 Despite this renewed interest, there is widespread dissensus regarding how to define, quantify, measure, and/or decouple flexoelectric effects from other coupled electromechanical responses. In this context, there are discrepancies as to the magnitude and even the sign of flexoelectric coefficients in materials, 18 wherein experimentally measured values 22À25 are typically orders of magnitude larger than those predicted from first principles. 26À28 There is growing concern that additional contributions that can mimic flexoelectric response (which are unable to be decoupled in macroscale measurement, but are excluded from first-principles calculations) could possibly account for these discrepancies. These ancillary contributions include: strain-gradientdriven inhomogeneous segregation of space charges, 15, 29 chemical gradients, 20, 21, 30 localized potential gradients at nanodomain boundaries, 31, 32 polarization gradients (in the presence of screening charges which minimize depolarization), 33 surface piezoelectricity, 17, 34, 35 etc. Only recently has there been a concerted effort to understand the relative importance of the intrinsic flexoelectric and such ancillary contributions to the macroscopic response of materials. While the relative importance of these contributions is scientifically significant, what is most important from an engineering perspective is to understand how to maximize the collective influence of all these effects on the property of interest, in this case the built-in potential.
Here, we explore deterministic routes to control the macroscale built-in potential (i.e., the horizontal shift of the ferroelectric hysteresis loop) by exploiting the nanoscale interplay between chemistry, strain gradients, strain accommodation, and domain formation in compositionally-graded PbZr 1Àx Ti x O 3 (PZT) heterostructures. We find that variations in the nature of the compositional gradient and heterostructure thickness can be used to control both the crystal and domain structures giving rise to a nonintuitive evolution of the built-in potential which does not scale directly with the magnitude of the strain gradient as would be expected. Large built-in potentials are instead observed in compositionally-graded heterostructures that contain (1) compositional gradients that traverse chemistries associated with structural phase boundaries (such as the morphotropic phase boundary) and (2) ferroelastic domain structures. In turn, the built-in potential is observed to be dependent on a combination of flexoelectric effects (i.e., polarizationÀstrain gradient coupling), chemical-gradient effects (i.e., polarizationÀchemical potential gradient coupling), local inhomogeneities (in structure or chemistry) that enhance strain (and/or chemical potential) gradients such as areas with nonlinear lattice parameter variation with chemistry or near ferroelastic domain boundaries. Regardless of origin, large built-in potentials act to suppress the dielectric permittivity, while having minimal impact on the magnitude of the polarization. Such observations are important to provide new routes to decouple ferroic susceptibilities and for the optimization of figures of merit for a range of nanoscale applications including piezoelectric-based vibrational energy harvesting 36À38 and pyroelectric-based thermal energy conversion. 6, 39, 40 ARTICLE reveals a structural competition between tetragonal and rhombohedral symmetry on the Ti-and Zr-rich sides, respectively. Likewise, the room-temperature lattice parameter-composition evolution (Figure 1b ) reveals that the lattice parameters do not vary linearly with composition and instead change rapidly near the morphotropic phase boundary (MPB, x = 0.48).
RESULTS AND DISCUSSION
On the basis of this information, we focused on compositionally-graded heterostructures PbZr 1Ày Ti y O 3 S PbZr 1Àx Ti x O 3 /30 nm SrRuO 3 /GdScO 3 (110) (a = 5.45 Å, b = 5.75 Å, c = 7.93 Å, pseudocubic a pc = 3.96 Å) grown using pulsed-laser deposition following previously established procedures (see details in the Methods section). 6, 7 Growth on GdScO 3 substrates provides lattice mismatches between À4.6 to 2% as one transitions from PbZrO 3 to PbTiO 3 (Figure 1b In this work, we studied six compositionally-gradedheterostructure variants, which are separated into two groups for discussion. This first is a series probing the effects of film thickness variation wherein we probe 50, 75, 100, and 150 nm thick (20,80) compositionallygraded heterostructures (Figure 1c ). These thicknesses were selected because they permit a large variation in the magnitude of the maximum theoretical average strain gradient (from 8.7 Â 10 5 m À1 to 2.9 Â 10 5 m À1 for the 50 and 150 nm thick heterostructures, respectively). Note that the theoretical strain gradients can be obtained by taking the difference in the misfit strain between the substrate and the bulk lattice parameter of the parent phases at the substrateÀfilm interface and the free surface and dividing by the film thickness; values for lattice parameters are provided ( Figure 1b ). In addition, these variations in thickness also provide a pathway to alter the form and density of the ferroelastic domain structure. 42 The second series of heterostructures probes the effects of varying the nature of the compositional gradient and focuses on 100 nm thick (20, 45) , (40, 60) , and (20,80) heterostructures ( Figure 1d ). This series of compositional gradients was selected for two reasons:
(1) the (20,80) heterostructure (4.3 Â 10 5 m À1 ) has approximately double the strain gradient of the (20,45) (i.e., 2.2 Â 10 5 m À1 ) and (40,60) (i.e., 2.5 Â 10 5 m À1 ) heterostructures which allows us to probe the effect of varying strain gradient magnitude and (2) the (20,80) and (40, 60) heterostructures include the MPB composition while the (20, 45) heterostructure does not, allowing the role of the nonlinear lattice parameter evolution near the MPB in this system to be probed.
X-ray diffraction θ-2θ and reciprocal space mapping (RSM) studies found all heterostructure variants to be single-phase, fully epitaxial, and (001)-oriented regardless of thickness or gradient design (wide-angle, θ-2θ X-ray diffraction patterns are provided, Supporting Information, Figure S1 ). RSM studies were completed about the 103-and 332-diffraction conditions of the films and substrate, respectively ( Figure 2 ). The positions of the bulk and strained peaks for the parent phases are provided for reference. Focusing on the thickness series of (20,80) heterostructures (Figure 2aÀd ), as expected the Q y -values span continuously between the theoretical strained peak positions of the parent phases. As the thickness of the heterostructures increases, however, there is a slight increase in spectral weight toward lower Q x -values and a slight decrease in spectral weight near the expected lattice parameter for strained PbZr 0.8 Ti 0.2 O 3 . A quantitative measure of this relaxation can be obtained by comparing the logarithmically-scaled, weighted-mean intensity of the 103-diffraction condition to the theoretical strained and relaxed average peak positions (a description of the methodology used is provided, Supporting Information, Figure S2 ). From these analyses, both the 50 and 75 nm thick (20,80) heterostructures (Figure 2a ,b) are found to be coherently strained to the substrate (within experimental resolution limits). As the thickness of the (20,80) heterostructure is increased to 100 nm ( Figure 2c ) and 150 nm (Figure 2d ), the relaxation from the theoretical strained peak position increases to ∼10.6% and ∼22.3%, respectively. All told, these observations imply that strain relaxation increases with film thickness as would typically be expected. 43 Similar analyses on the 100 nm thick compositionallygraded heterostructures with different gradient forms [i.e., (20, 45) (Figure 2e ), (40,60) ( Figure 2f ), and (20,80) ( Figure 2c )] again reveal that the Q y -values span continuously between the theoretical strained-peak positions of the parent phases. Following the same procedure noted above, the (20, 45) heterostructures are found to be coherently strained to the substrate (within the experimental resolution limits), but the (40,60) heterostructures exhibit partial strain relaxation (∼26.7% relaxed from the theoretical strained peak position). The minimal (or negligible) strain relaxation in the (20, 45) heterostructures can be readily understood since the films possess uniform bulk tetragonal structure and smaller lattice parameter variation across the thickness of the heterostructure. On the other hand, the (40, 60) heterostructures possess more than double the amount of strain relaxation than the (20,80) heterostructures despite having approximately half the theoretical strain gradient. This discrepancy can be understood by considering the lattice mismatch between the substrate and the bottom-layer PbZr 1Àx Ti x O 3 , which in the (20,80) heterostructures is only 0.15% tensile as ARTICLE compared to À1.2% compressive in the (40,60) heterostructures. Thus, the larger lattice mismatch at the sub-strateÀfilm interface likely begets more pronounced and rapid strain relaxation.
The key insight from these analyses is that, regardless of the film thickness and the nature of the Figure S3 ). Thus, consistent with what has been observed in group IV and IIIÀV semiconductor systems, 44, 45 these results demonstrate that the presence of the compositional gradient (and in particular, those with minimal lattice mismatch at the filmÀsubstrate interface) provides a pathway to retain large residual strains and strain gradients not possible in homogeneous heterostructures.
Not only does changing the nature of the compositional gradient and heterostructure thickness impact the structure and strain state of the heterostructures, but it also can give rise to and vary both the density and nature of ferroelastic domains. 43, 46 To image these nanoscale ferroelastic domains we conducted out-ofplane piezoresponse force microscopy (PFM) studies. Again, focusing first on the thickness series of (20,80) heterostructures, the 50 nm thick heterostructures are observed to exhibit a monodomain structure (Figure 3a (20, 45) , and (f) 100 nm (40, 60) . Dashed lines represent the coherently strain (vertical) and cubic (angled) lattice parameters and the expected peak positions for bulk (black) and strained (orange) versions of the parent phases are labeled in each graph. The percentage of strain relaxation is also noted. ARTICLE only for the 100 nm heterostructure for brevity). Again, such a domain structure is typically observed only in tetragonal ferroelectrics (Supporting Information, Figure S4a ). 43, 47 Finally, for the 150 nm thick heterostructures, a complex mosaic-like domain structure is observed (Figure 3c ), indicating that, at least at the surface, the tetragonal-like domain structure is no longer stabilized and instead the domain structure is consistent with typical rhombohedral PbZr 1Àx Ti x O 3 heterostructures (Supporting Information, Figure S4b ). These observations can be understood by considering the driving forces for ferroelastic domain formation and the observed crystal structures. In the thinnest films, coherency is maintained and the large compressive strain drives the manifestation of a tetragonal-like crystal and monodomain structure. At intermediate thicknesses, the growing strain energy results in slight strain accommodation, but the residual epitaxial strain is enough still to stabilize the tetragonal crystal and domain structure. Finally, in the thickest heterostructures, more significant relaxation (especially at the free surface) results in loss of coherency to the substrate and relaxation (at least at the surface) to the parent rhombohedral phase (and domain structure).
We have also probed the effect of changing the nature of the compositional gradient on the domain structure evolution. PFM studies of both the 100 nm thick (20,45) ( Figure 3d ) and (40, 60) (Figure 3f ) heterostructures reveal a monodomain structure; once again, similar to, those observed in highly compressively strained tetragonal ferroelectrics. Such a monodomain structure in the (20, 45) heterostructures is unsurprising, since the film is entirely on the tetragonal side of the phase diagram where compressive strains act to stabilize the c phase. Conversely, the presence of a monodomain structure in the (40,60) heterostructures is unexpected as these heterostructures have many attributes which should drive the formation of a polydomain structure. First, the (40,60) heterostructures have a considerably larger average misfit strain and subsequent relaxation (as compared to the (20, 45) heterostructures). Second, they possess a large fraction of the heterostructure compositionally near the MPB where the flattened energy landscape between the structural variants facilitates ferroelastic domain formation 48 and nanodomain structures. 49, 50 Third, the top ∼50% of the film is compositionally such that it should have rhombohedral structure. Likely, the presence of the continually increasing compressive strain state, which transitions from À1.2% compressive at the filmÀ substrate interface to À3.2% compressive at the free surface, enables the retention of considerably more strain than is achievable in homogeneous films, thereby stabilizing the tetragonal-like crystal and domain structure.
This understanding of how the nature of the compositional gradient and the heterostructure thickness can be manipulated to engineer the strain gradient and domain structure is important to obtain a comprehensive picture of how built-in potential and properties evolve in these heterostructures. To quantify the built-in potential, ferroelectric hysteresis loops were measured for the various heterostructures (for brevity, we show characteristic hysteresis loops measured at 1 kHz, Figure 4a ,b, but loops at other frequencies are also provided, Supporting Information, Figure S5aÀf ). Similar to homogeneous ferroelectric thin films, all heterostructures studied here show large saturation and remanent polarization. Unlike homogeneous ferroelectric thin films, in compositionally-graded heterostructures the large strain gradients and variations in the chemical composition can generate built-in potentials 7, 8, 22, 51, 52 which can be quantified by the horizontal shift of the ferroelectric hysteresis loop along the voltage (or field) axis (i.e., the difference between the coercive field). Note that these built-in potentials are innate to the compositionallygraded materials (in its current strain state) and care was taken to exclude additional effects that can give rise to shifts by using symmetric, perovskite-based, epitaxial SrRuO 3 top and bottom electrodes. 53 On the basis of common understanding of flexoelectric effects and built-in potentials, 7, 17, 18, 27, 54 one would empirically expect that the magnitude of the built-in potential would be primarily governed by the magnitude of the strain gradient. Thus, for the thickness series of (20,80) heterostructures (Figure 4a ), the magnitude of the built-in potential should be inversely proportional to the thickness. The actual results, however, do not follow this trend, and instead, the built-in potential is found to increase with film thickness until falling dramatically in the case of the 150 nm thick heterostructures. The measured built-in potential was found to be 0.380 ( 0.045 V (76 ( 9 kV/cm), 0.833 ( 0.038 V (111 ( 5 kV/cm), Only by returning to the differences in the crystal and domain structure can this trend be explained.
Overall, as the thickness of the film increases the maximum average theoretical strain gradient and residual strain decreases, and therefore, (under the assumption that the built-in potential is primarily governed by the strain gradient) the built-in potential should monotonically decrease with thickness. In turn, this suggests that additional contributions to the builtin potential must be present. To shed more light on this concept, we can establish a frame of reference for the "intrinsic" strain-and composition-gradient contribution to the built-in potential by first considering the 50 nm thick (20, 80) heterostructures. These heterostructures, which are coherently strained and monodomain, possess a structure most closely matched with the "ideal" compositionally-and strain-graded heterostructure concept. Following the methods used in the community, 51 we can extract a coefficient of the same form and units as the flexoelectric coefficient, which we here call the effective flexo-chemo-electric coefficient, to acknowledge the inclusion of additional contributions, such as chemical-gradient effects, which are not traditionally considered in the flexoelectric coefficient. Knowing that the strain gradient is 8.7 Â 10 5 m À1 and that the built in potential is 0.38 V, we calculate the effective flexo-chemo-electric coefficient to be |μ eff | = 12 nC/m (see Supporting Information for details). This value lies directly in-between experimentally reported flexoelectric coefficients for the PbZr 1Àx Ti x O 3 system (500À2,000 nC/m, measured via bending of chemically homogeneous samples) 18, 23, 51 and first-principles calculations (which include only strain-gradient-based flexoelectric effects; for PbTiO 3 μ = 0.165 nC/m). 26À28 This comparison brings up a number of interesting points. First, as is typical, our experimental measures of these effects return values much larger than the firstprinciples predictions suggesting that additional contributions to these effects could be present. Second, our experimental values are considerably smaller than most experimental values, which might suggest that the chemical-gradient effect could be of the opposite sign to that of the classic strain-gradient effects.
Using this effective flexo-chemo-electric coefficient, we can then make a simple prediction of how the builtin potential should scale with thickness (dashed line, Figure 4c ); since the maximum theoretical strain gradient is inversely proportional to the heterostructure thickness the built-in potential should fall of with increasing thickness. What is clear, however, is that the built-in potentials measured for the 75 and 100 nm thick (20, 80) heterostructures variants are greatly enhanced compared to this expected trend. To explain this unexpected observation requires consideration of the strain state and domain structure of the heterostructures. Both the 75 and 100 nm thick (20, 80) heterostructures exhibit a c/a/c/a domain structure where the size and density of the a domains increases with thickness, matching the observed trend in the ARTICLE built-in potential. This implies that the formation of ferroelastic domains could be responsible for the larger built-in potential. We hypothesize that the presence of ferroelastic a domains, and the corresponding rotation of the polarization direction at such domain boundaries, gives rise to large, localized strain gradients 16, 31 and fields 31,32 that contribute to the built-in potential.
Since the largest built-in potential is observed in the 100 nm thick (20, 80) heterostructures despite the significant reduction in strain gradient, this suggests that the c/a/c/a domain structures are key in defining the evolution of these effects. Finally, in the 150 nm thick heterostructures, which possess the most severe strain relaxation and domain structures indicative of complete or near-complete relaxation at the surface of the film, the relaxation must be severe enough to reduce the overall magnitude of the strain gradient in the film thereby reducing the overall built-in potential.
A similar analysis of the built-in potentials for the 100 nm thick (20, 45) , (40, 60) , and (20,80) heterostructures (Figure 4b) , where the built-in potentials were measured to be 0.64 ( 0.03 V (64 ( 3 kV/cm), 1.5 ( 0.09 V (150 ( 9 kV/cm), and 2.0 ( 0.09 V (200 ( 9 kV/cm), respectively, can be completed. Recall that the theoretical strain gradients for the (20, 45) and (40, 60) heterostructures are approximately half of that of the (20, 80) heterostructures and that both heterostructures exhibit a monodomain structure. Beginning with the (40, 60) heterostructures, the lattice parameters defining the strain gradient increase rapidly, in a nonlinear fashion, upon transitioning through the MPB composition, 55 we hypothesize that the presence of locally enhanced strain gradients within the film associated with the MPB compositions could greatly increase the magnitude of the macroscopic built-in potential, even in the absence of domain structures. It should be noted, that heterostructures encompassing the MPB could also exhibit enhanced built-in potentials because of a local variation in the magnitude of the flexoelectric coefficient, which is typically larger near the MPB. 27, 56 Additionally, the fact that the built-in potential of the (40, 60) heterostructures are larger than that of the 50 nm thick (20,80) heterostructures suggests that the chemical-potential-gradient effects are likely smaller (because of the reduced compositional range) and are still of the opposite sign of the strain-gradient effects, pointing to a dependence similar to that for the strain-gradient effects on the composition range and thickness for the compositional-gradient effects. On the other hand, in the (20,45) heterostructures the reduced built-in potential is like the result of the fact that the composition range probed exists entirely in the tetragonal phase region of the PbZr 1Àx Ti x O 3 phase diagram and that the lattice parameters increase smoothly with increasing Zr content thereby excluding any locally enhanced strain gradients in the films. Additionally, the chemical-gradient effects in the (20, 45) heterostructures should also be relatively smaller in magnitude (compared to the 50 nm thick (20, 80) heterostructures), but again we cannot fully decouple the effects in a manner that allow us to quantify the magnitude of this chemical-gradient effect uniquely. All told, the ultimate manifestation of built-in potential in the compositionally-graded heterostructures varies in a rather complex and, at times, unintuitive manner as a function of film thickness, lattice parameter variation, domain formation, strain relaxation, compositional end members, and much more. Overall, the built-in potentials are larger when locally enhanced strain gradients exist such as occur upon transitioning through the MPB composition and at/near ferroelastic domain boundaries. These observations suggest that the macroscopic manifestation of built-in potential includes aspects of flexoelectric effects (i.e., polarizationÀstrain gradient coupling), chemical-gradient effects (i.e., polarizationÀ chemical potential gradient coupling), and local inhomogeneities that enhance strain (and/or chemical) gradients which occur in areas with rapid lattice parameter evolution like near the MPB composition or near ferroelastic domain boundaries.
From a materials design perspective, however, we care about the nature of and how to control the built-in potential of these heterostructures because it can have profound effects on the nature of material properties. Prior studies of compositionally-graded PbZr 1Àx Ti x O 3 heterostructures suggest that the presence of built-in potentials can reduce the dielectric permittivity 10,57 by acting to stiffen both intrinsic (i.e., with the bulk of a domain) and extrinsic (i.e., from motion of domain walls) responses to excitation under application of small ac fields. Reducing the permittivity is key to optimizing these materials for advanced nanoscale applications where the figure of merit for both electromechanical 58À60 (k 2 = e 2 /cε r ε 0 , where e is the direct-effect piezoelectric coefficient and c is the material stiffness, ε r is the dielectric permittivity, and ε 0 is the permittivity of free space) and thermal 59, 61, 62 (k 2 = π 2 T/C p ε r ε 0 , where π is the pyroelectric coefficient, T is the temperature of operation, and C p is the heat capacity) devices is defined by so-called coupling factors. Routes to tune material stiffness, heat capacity, etc. are limited and thus the ability to tune these figures of merit is confined to routes that decouple the piezoelectric or pyroelectric coefficients from the permittivity.
To quantify the combined influence of the crystal and domain structure and built-in potential on the susceptibility, the low-field dielectric permittivity was measured as a function of frequency for all heterostructures (for brevity, we show characteristic permittivity measurements at an ac excitation of 8 mV from 1 to 100 kHz). Again, we begin by exploring the thickness series of (20,80) heterostructures (Figure 5a ; dielectric loss is provided in the Supporting Information, Figure S6 ) where the dielectric permittivity was found to be 71.8, 68.5, 86.2, and 158.2 (at 10 kHz) for 50, ARTICLE 75, 100, and 150 nm thick heterostructures, respectively. Beginning with the 50 nm thick heterostructures (which are monodomain, with a built-in potential of 76 ( 9 kV/cm) the permittivity is suppressed to a value lower than that previously reported for intrinsic permittivity (∼90) for monodomain, homogeneous PbZr 0.2 Ti 0.8 O 3 thin films. 63 This observation is readily understood since there are no extrinsic contributions (since there are no domain walls) combined with the sizable built-in potential, which serves to reduce the intrinsic susceptibility and thus the overall response. As the heterostructure thickness increases, domain structures emerge that influence the permittivity in competing ways. The presence of ferroelastic domains is known to give rise to extrinsic contributions to the dielectric permittivity, which typically enhance the dielectric permittivity, 64À66 and this work has shown that their formation also corresponds to an increases the magnitude of the built-in potential, which should work to suppress both the intrinsic and extrinsic contributions. Thus, in the 75 nm thick heterostructures (where there is a small density of domains and a larger built-in field (111 ( 5 kV/cm), the combination manifests as a similar dielectric permittivity to the 50 nm thick heterostructures (within the error of measurement). By the time the thickness reaches 100 nm, however, the presence of a robust and denser domain structure and the associated extrinsic contributions to the dielectric permittivity overcomes the effects of the built-in field (200 ( 9 kV/cm), causing a slight increase in permittivity (although it is still smaller than that reported for monodomain, homogeneous PbZr 0.2 Ti 0.8 O 3 films). Finally, in the 150 nm thick heterostructures, which have complex, mosaic-like domain structures, with the smallest built-in potential of 20 ( 1 kV/cm, the largest permittivity is observed; a result of the minimally suppressed intrinsic and extrinsic contributions to permittivity.
Using a similar approach, we can also understand the evolution of the permittivity in the 100 nm thick (20, 45) , (40, 60) , and (20,80) heterostructures (Figure 5b ). In this set of heterostructures, the (20, 45) variants have the largest permittivity (∼107.5 at 10 kHz) and the (40, 60) heterostructures have the lowest permittivity (∼64.4 at 10 kHz). Again, we can rationalize these trends through the combination of the crystal and domain structure and built-in potential evolution. First, for the (20, 45) heterostructures (with monodomain structure and a built-in potential of 64 ( 3 kV/cm), the measured permittivity is close to the expected permittivity for a monodomain, homogeneous PbZr 0.2 Ti 0.8 O 3 thin film, 63 indicating that the dielectric response is dominated by the intrinsic response of the monodomain structure, and that the small built-in potential does not significantly influence the dielectric response. For the (40, 60) heterostructures (with monodomain structure and sizable built-in potential of 150 ( 9 kV/cm), the larger built-in potential greatly reduces the intrinsic permittivity, and since there are no domain walls, there is no extrinsic contribution resulting in the lowest observed dielectric response. We note that to the best of our knowledge, that these are the lowest permittivity values reported for any PbZr 1Àx Ti x O 3 thin film system to date. Progressing to the (20,80) heterostructures, c/a/c/a domain structures are formed generating an extrinsic response, which enhances the permittivity more than the increase in built-in potential can suppress it, causing a slight increase in permittivity compared to the 100 nm thick (40, 60) heterostructures. Regardless, the observation of the lowest reported room temperature dielectric permittivity for the PbZr 1Àx Ti x O 3 system, measured in the (40, 60) heterostructures, which are compositionally close to the MPB (where a maximum in dielectric permittivity should be expected) demonstrates the efficacy of compositional-gradients in generating built-in potentials, which can provide routes to strongly decouple the ferroic and dielectric responses.
Altogether, through judicious exploration of a range of nanoscale controlled, compositionally-graded heterostructures, we have demonstrated that the ferroelectric and dielectric response is highly influenced by the crystal and domain structure which can be manipulated by the heterostructure design. Specifically, 
ARTICLE
we show that the magnitude of the built-in potential is only minimally influenced by the magnitude of the average strain gradient and instead is determined a combination of flexoelectric effects (i.e., polarizationÀ strain gradient coupling), chemical-gradient effects (i.e., polarizationÀchemical potential gradient coupling), and local inhomogeneities that enhance strain (and/or chemical) gradients such as areas with rapid lattice parameter evolution like that near the MPB composition or near ferroelastic domain boundaries. This work highlights the importance of local nanoscale strain gradients in generating large macroscopic built-in potentials, yielding new perspectives on how to design ferroelectric thin films to maximize built-in potentials while having minimal effect on the ferroic responses. In turn, these results provide a facile route to independently tune susceptibilities in ferroelectric thin films essential for optimizing materials figure of merit for a range of nanoscale applications.
CONCLUSIONS
In summary, we have explored how deterministic control of compositionally-graded heterostructure form (in terms of the nature of the compositional gradient and heterostructure thickness) can be used to tune the crystal and domain structure and what the influence of these changes are for the evolution of built-in potentials, ferroelectric, and dielectric response in PbZr 1Àx Ti x O 3 thin films. The magnitude of the builtin potential is found not to scale directly with the magnitude of the strain gradient (as would be expected), but instead, large built-in potentials are observed in the compositionally-graded heterostructures, which contain locally enhanced strain gradients that occur when traversing chemistries associated with structural phase boundaries where there are abrupt changes in material lattice parameter and at/near ferroelastic domain boundaries. These observations suggest that the builtin potential observed in these materials is likely a manifestation of a combination of flexoelectric effects (i.e., polarizationÀstrain gradient coupling), chemicalgradient effects (i.e., polarizationÀchemical potential gradient coupling), and local inhomogeneities that enhance strain (and/or chemical) gradients. Regardless of origin, large built-in potentials act to suppress the dielectric permittivity while having minimal impact on the magnitude of the polarization, providing a facile route to optimize these materials for a range of nanoapplications from vibrational energy harvesting to thermal energy conversion and beyond. 7 The bottom electrode SrRuO 3 films were grown at 630°C in an oxygen pressure of 100 mTorr at a laser fluence 1.8 J/cm 2 and a frequency of 13 Hz. The compositionally-graded PZT layers were grown at 600°C in an oxygen pressure of 200 mTorr, during the growth the laser fluence was maintained at 1.9 J/cm 2 , pulsed at a frequency of 3 Hz. The composition of the compositionally-graded layers was controlled by continuously varying the composition from PbZr x Ti 1Àx O 3 to PbZr y Ti 1Ày O 3 using a programmable target rotator (Neocera, LLC) that was synced with the excimer laser. For all the samples, films were cooled in an oxygen pressure of 700 Torr. Symmetric capacitor structures were fabricated by subsequent deposition of 80 nm SrRuO 3 top electrodes defined using a MgO hard-mask process. 67 Crystal Structure and Ferroelectric Domain Structure Analysis. The structure of these heterostructures was studied using X-ray diffraction reciprocal space mapping (RSM) about the 103-and 332-diffraction conditions for the film and substrate, respectively. We utilize the Four-circle High Resolution X-ray Diffractometer (PANALYTICAL X'PERT PRO). Detail ferroelectric domain analyses of the films were carried out using Piezoresponse Force Microscopy (Cypher, Asylum research).
METHODS
Dielectric and Ferroelectric Properties. The dielectric permittivity was extracted from the measured capacitance (C) using C = ((ε 0 ε r A)/d) where A is the area of the capacitor and d is the thickness of the film. Prior to measurement, the films were poled with a negative bias for 0.1 ms and films were measured at remanence. The dielectric permittivity as a function of frequency was measured with an ac excitation voltage of 8 mV (rms). Rayliegh studies confirmed that the ac excitation was small enough to preclude irreversible domain wall motion. Ferroelectric hysteresis loops were measured using a Radiant Multiferroics Tester as a function of frequency from 0.1À20 kHz.
